Abstract. In striking contrast to most other transporting epithelia (e.g., urinary or digestive systems), where Na,K-ATPase is expressed basolaterally, the retinal pigment epithelium (RPE) cells display Na,KATPase pumps on the apical membrane. We report here studies aimed to identify the mechanisms underlying this polarity "reversal" of the RPE Na,K-ATPase. By immunofluorescence on thin frozen sections, both alpha and beta subunits were localized on the apical surface of both freshly isolated rat RPE monolayers and RPE monolayers grown in culture. The polarity of the RPE cell is not completely reversed, however, since aminopeptidase, an apically located protein in kidney epithelia, was also found on the apical surface of RPE cells. We used subunit-and isoform-specific cDNA probes to determine that RPE Na,K-ATPase has the same isoform (alpha 1) as the one found in kidney. Ankyrin and fodrin, proteins of the basolateral membrane cytoskeleton of kidney epithelial cells known to be associated with the Na,K-ATPase (Nelson, W. J., and R. W. Hammerton. 1989. J. Cell Biol. 110:349-357) also displayed a reversed apical localization in RPE and were intimately associated to Na,K-ATPase, as revealed by cross-linking experiments. These results indicate that an entire membrane-cytoskeleton complex is assembled with opposite polarity in RPE ceils. We discuss our observations in the context of current knowledge on protein sorting mechanisms in epithelial cells.
T
H~ retinal pigment epithelium (RPE), ~ a single layer of polarized epithelial cells that separates the rods and cones of the retina from the choroid layer, plays an essential role in the development and normal function of the eye (65) . Like other transporting epithelia, RPE rests on a basement membrane and is asymmetric in both structure and function. The apical surface contains long specialized microvilli that participate in phagocytosis of dead retinal outer rod segments (17, 32, 64) . RPE microvilli have been reported to be motile and to contain myosin 2 and a distinct set of actin binding proteins (42) . The apical surface is also involved in the transport of vitamin A during the visual cycle (10) .
The basal surface, which rests on a basement (Bruch's) membrane, has numerous infoldings, carries out active transport of ions and metabolites from the underlying choriocapillaris towards the retina, and contains receptors for serum retinol binding protein (3) . Retinal attachment depends mainly on the integrity of the RPE layer and appears to depend on both the existence of putative adhesion molecules between RPE and retinal rods and cones and on the net apical to basal transport of fluid by RPE. Although the exact mechanisms responsible for retinal detachment and macular de-generation remain unknown, it has been proposed that the primary changes which lead to these two diseases occur in the RPE (19) .
A curious feature of RPE is the apical localization of Na,K-ATPase pumps (3, 4, 51) , in contrast to other transporting epithelia, where these pumps are basolateral (21) . Na,K-ATPase activity is essential for the maintenance of Na and K electrochemical gradients across the plasma membrane in all cells and for a variety of transepithelial ion transport processes (18) . Na,K-ATPase is a heterodimeric integral membrane protein formed by a catalytic subunit, alpha, with the binding sites for ATP and cardiac glycosides, and a glycosylated beta subunit. Although no function has yet been assigned to the beta subunit, it is believed to participate in the regulation of the function and membrane insertion of the alpha subunit (25) . Three different isoforms of the alpha subunit have been isolated from brain (11, (48) (49) (50) 53) , alpha 1, alpha 2 and alpha 3. It is unclear if the opposite localization of Na,KATPase in kidney and RPE may be accounted for by the expression of different, tissue-specific isoforms.
Na,K-ATPase, ankyrin, and fodrin have been shown to be coloealized along the basolateral margins of confluent MDCK cells, intact kidney proximal tubules (20, 35) , and isolated intestinal epithelium (1). In MDCK cells, all of these proteins form a macromolecular complex via interaction of the alpha subunit with ankyrin and of ankyrin with fodrin (30, 34, 36) . This membrane complex is relatively detergent soluble and unpolarized in subconfluent MDCK cells but polymerizes into insoluble aggregates upon confluency (33) ; the basolateral localization of these aggregates is apparently induced by intercellular adhesion via L-CAM (27, 36) . Development of this polarized, contact-induced, membranecytoskeletal network is believed to play a key role in the morphogenesis and maintenance of the polarized epithelial phenotype (45) . Observations in the dystrophic rat RPE (7) suggest that cell-cell contacts may also play a role in the maintenance of RPE polarity: as the pathological process induces a breakdown of the junctional complexes, the Na,KATPase activity becomes redistributed from the apical surface to the lateral and basal regions of the RPE cells.
Here, we localize by immunocytochemistry both subunits of Na,K-ATPase and report that the alpha isoform expressed in RPE is identical to the kidney one. We find that the reversed polarity of Na,K-ATPase is accompanied by a reversed (apical) distribution of ankyrin and fodrin, which interact closely with Na,K-ATPase in RPE, as previously described in MDCK cells (31, 36, 37) .
Materials and Methods

Preparation of Antibodies
Na,K-ATPase was prepared from freshly isolated rat kidney outer medulla according to Jorgensen (18) . Alpha and beta subunits were excised from a polyacrylamide gel and, after suspension in complete Freund's adjuvant, were injected intradermally into New Zealand white rabbits; the rabbits were boosted with four intradermal injections in incomplete Freund's adjuvant. Immobilized alpha and beta subunits were used to prepare affinitypurified antibodies. Briefly, purified alpha and beta subunits were separated by denaturing polyacrylamide gel (10%) and blotted onto diazotized paper (43) . Paper strips containing only alpha or beta subunits were cut, incubated with the appropriate antiserum, and washed to remove nonspecifically bound antibody. Specific antibodies were eluted in a minimum volume of a low pH buffer and quickly neutralized. The specificity of the antibodies was determined by Western blot analysis against purified rat kidney alpha and beta subunits. Fodrin and ankyrin antibodies (36) were kindly provided by Dr. James Nelson (Institute for Cancer Research, Philadelphia, PA).
Cell Isolation and Culture
The procedure used to generate primary RPE cultures is essentially as described by Mayerson et al. (24a) . Eyes are enutleated from 7-d-old Long Evans rats, rinsed two to three times with a balanced salt solution (BSS), incubated 40 min in an enzyme solution containing 105 U/mi collagenase, 50 U/mi testicular hyaluronidase, pH 7.0, followed by 50 rain in 0.1% trypsin in-BSS. The eyes are then opened by a circumferential incision below the ora serrata, the retina is lifted off, and the single layer of RPE cells is peeled • from both the retina and the choroid. After rinsing and a gentle trypsinization (0.1%) the cells are plated in DMEM containing 10% fetal calf serum.
The following day the medium is changed to DMEM containing 2 % fetal calf serum. Rat RPE cells in culture could not be serially passaged.
Semithin Frozen Sections and Transmission
Electron Microscopy
0.5 #m frozen sections were processed for immunofluorescence as described (58) . Samples were photographed with an epifluorescence microscope (Leitz). Cells grown on filters for 2 wk were fixed in 2 % glutaraldehyde treated with ruthenium red and processed for transmission electron microscopy (44) . Sections were either stained with uranyl acetate and lead citrate or examined unstained in a JEOL 100 CX electron microscope.
Immunoprecipitation
Confluent monolayers on filters were rinsed four times in DMEM without methionine/cysteine, then labeled with the same medium containing 1 mCi Tram [3SSllabel (ICN Biomedicals, Costa Mesa, CA) per milliliter (1 Ci = 37 GBq) for 5 h. The filters were rinsed five times in PBS, the cells were solubilized, and fodrin and ankyrin were immunoprecipitated (23) . Na,KATPase was immunoprecipitated according to described methods (33) . Metabolically labeled samples were subjected to SDS-PAGE (22) under reducing conditions. After fixation (40% methanol/10% acetic acid for 30-60 min) gels were rehydrated in distilled water, then impregnated with sodium salicylate (1 M solution for 30 min). Dried gels were autoradiographed on Kodak XAR-5 film at -70°C for varying lengths of time.
Isolation of RNA
RPE cultures were rinsed with ice-cold buffered saline and then lysed in 4 M guanidinium thiocyanate at 2 x 107 cells per ml (13) . The extract was passed through a 23-gange needle five times to reduce viscosity and then centrifuged at 35,000 rpm through a cushion of 5.7 M CsCI for 12 h. The RNA pellet was rinsed with ethanol and resuspended at 1 mg/ml in distilled water.
Northern Blot Analysis
Northern blots were prepared as described previously (40) . Subanit-specific DNA restriction endonuclease fragments ('~300 bp) were isolated (63) from rat Na-K,ATPase alpha 1 (Nar I-Stu I, nt 89-331), alpha 2 (Xho II-Xho II, nt 4,285-5,026), alpha 3 (Pst I-Sma I, nt 51-331), and beta (Nco I-Stu I, nt 459-759) subunit cDNAs. These DNA fragments were radiolabeled with (alpha 32P)dCTP by using an oligolabeling kit (Pharmacia LKB Biotechnology Inc.) developed from the random primer method of Feinberg and Vogelstein (12) . The radiolabeled DNA fragments (,,ol x 109 cpm/#g) were added to the hybridization solution (2 x l0 s cpm/ml) and used as probes for Northern blots.
Immunoblotting
The method of Towbin et al. (59) was used to detect electrophoretically transferred proteins on nitrocellulose strips. The immunodetection was performed using alkaline phosphatase-conjngated second antibodies (Promega Biotec, Madison, WI). The chicken alpha subunit monoclonal antibody (which cross-reacts with the rat enzyme) used in some Western blots was provided by Dr. D. Fambrongh (Carnegie Institution of Washington, Baltimore, MD).
Cross-Linking
Confluent monolayers were labeled with Trans [35S]label overnight, rinsed five times with PBS, cross-linked with dithiobis(succinimidylpropionate) (DSE 1 mg/ml in PBS) (Pierce Chemical Co., Rockford, IL) two times for 30 rain at 37°C, quenched with DMEM for 10 rain, rinsed five times with PBS, and then immunoprecipitated as described above.
Results
Polarity of RPE Cells
Since RPE cells constitute a polarized epithelium in vivo it was important to establish that they maintain these characteristics when grown in vitro. Fig. 1 A shows their morphology in vivo. They are typically polygonal and are sometimes binucleated. The apical microvilli are not readily visible due to interdigitation with the rods and cones of the outer segment of the retina. RPE cells rest on a basement membrane, Bruch's membrane, and their lateral borders are distinct. Rat RPE cells grown in culture retain some of their epithelial morphological characteristics. Pigment granules and premelanosomes are characteristic, radiating from a central densely populated cytoplasmic region, but decrease in number as the cells divide. The appearance of the ceils in the central areas of the culture (Fig. 1 B) , hexagonal and tightly Cingulin and ZO-1, two proteins peripherally associated with the cytoplasmic aspect of epithelial tight junctions (9, 52) , exhibited in cultured RPE cells a similar distribution to that observed in polarized epithelial cell lines, such as MDCK (9, 52) . Z0-1 distinctly localized into areas of cellcell contact, forming a typical fluorescent ring around the top of the cell (Fig. 2 B) , seen by focusing up and down the monolayer. Cingulin displayed a similar pattern (data not shown). Free cell borders at the periphery of subconfluent cell colonies were not stained by antibodies to either of these proteins. The presence of the characteristic ZO-1 and cingulin rings indicates that well-developed tight junctions are found in cultured RPE cells, suggesting that these monolayers maintain the polarity properties of the native epithelium. Tight junctions were also demonstrated by ruthenium red staining; when added from above, the dye did not penetrate across the monolayer and usually stopped at the top of the intercellular space (data not shown).
Electrophoretic Analysis and Immunofluorescence Localization of Na, K-ATPase
Ouabain binding assays and cytochemical procedures have shown that Na,K-ATPase is localized on the apical surface of RPE (16, 26, 28) ; this enzyme, however, is located on the basolateral surface of most other transporting epithelia, such as kidney, intestine, etc. (21) as well as in kidney epithelial cell lines, like MDCK. The apical localization ofRPE Na,KATPase provides a natural "mutant" to study the mechanisms that regulate its polarized localization in epithelial cells.
Na,K-ATPase is composed of two subunits, alpha, the catalytic subunit, and beta, of unknown function. With the goal of immunolocalizing the individual subunits, we raised and affinity purified polyclonal antibodies against each of the subunits (see Materials and Methods). The antibodies reacted specifically (by Western blot analysis) with either the alpha or the beta subunits of purified rat kidney Na,K-ATPase (Fig. 3 A) .
The alpha and beta subunits of RPE Na,K-ATPase migrated with an apparent electrophoretic mobility of 95 kD, identical to the mobility of the alpha and beta subunits of MDCK cells (Fig. 3 B) , notwithstanding the different tissue (RPE vs. kidney) and species (rat vs. dog) origins. There seemed to be no indication of multiple alpha subunit bands, commonly found in brain membrane preparations, indicating the existence of distinct alpha isoforms. By immunoprecipitation with alpha subunit antibody of samples crosslinked with the bifunctional (thiol cleavable) reagent dithiobis(succinimidylpropionate) (DSP), a band with the typical mobility of the beta subunit was detected in MDCK and RPE. This band had identical mobility in both tissues ( Fig. 3 C) ; its lower level in MDCK cells may be attributed to lower accessibility of the cross-linker to the basolateral surface of MDCK cells than to the apical surface of RPE. After treatment with endoglycosidase F to examine the mass of the core protein, the beta subunits of both MDCK and RPE changed in mobility to two bands with apparent Mr of 35 and 38 kD, identical in both tissues (Fig. 3 D) . The smaller 35-kD band is characteristic of the nonglycosylated beta 1 subunit; the larger band may comprise a partially endo F resistant species, as previously reported (38) .
We used the polyclonal antibodies for immunofluorescence on 1-#m frozen sections. Control experiments showed that both subunits were localized on the basolateral surface of kidney tubular cells and MDCK cells (data not shown). In RPE fixed immediately after isolation, the alpha and beta subunits were found to be restricted to the apical surface (Fig. 4, A-D) . RPE cells grown in culture also displayed alpha and beta subunit Na,K-ATPase staining on the apical surface (Fig. 4, insets) ; the decreased intensity of staining may be attributed to the decreased number of microvilli and the flatter more extended morphology of the cultured cells. The localization of Na,K-ATPase was also studied in a paraffin section of the whole eye (Fig. 4 , E and F) to exclude possible artifacts of cell manipulation. After staining with a beta subunit antibody, the long apical microvilli surrounding the rods and cones of the retina appeared stained, whereas the basolateral surfaces were devoid of staining. A possible contribution of photoreceptor beta subunit to the microvillar staining observed in Fig. 4 F cannot be completely excluded but a major contribution is unlikely since we observe a similar apical distribution of beta subunits in isolated RPE (Fig.  4 D) . These experiments clearly showed that both subunits of Na,K-ATPase are apical in RPE cells.
To determine whether other integral plasma membrane markers are also reversed, we studied the localization of aminopeptidase N. Like kidney, intestinal and other transporting epithelia, RPE displayed APN on the apical surface (Fig. 4, G and H) . Other cellular markers (e.g., gammaglutamyltransferase, integrin receptors) have been shown to be present with similar distributions in RPE and other transporting epithelia (41, 57) . Furthermore, influenza virus budding occurs from the apical surface, whereas VSV budding occurs from the basolateral surface of RPE (O'Day, W., E. Rodriguez-Boulan, and D. Bok, manuscript in preparation; Gundersen, D., and E. Rodriguez-Boulan, unpublished results), as previously described in MDCK ceils (46) . Therefore, it appears that polarity reversal is restricted to Na,KATPase (and perhaps to a reduced set of other proteins) in RPE.
RPE Expresses the Alpha I Kidney lsoform
The alpha subunit exists as three distinct isoforms (53) . Kidney cells express the alpha 1 isoform while the alpha 2 and alpha 3 isoforms are expressed predominantly in the brain (53) . This tissue-specific expression of the alpha subunit isoforms is developmentally regulated; however, the functional significance of this diversity has yet to be determined. Since RPE cells are derived from the neural ectoderm it was conceivable that these cells might contain either one of the neural specific isoforms and that this could account for the reversal in polarity of the Na,K-ATPase. As shown in Fig. 5 , comparative Northern blot analysis of rat brain (which expresses all three isoforms) and RPE mRNAs with alpha isoform-specific eDNA probes indicated that RPE cells express ysis of mRNA isolated from RPE (R) and rat brain (B), probed with the three known alpha-specific eDNA probes, originally isolated from brain, and a beta-specific probe for Na,K-ATPase. The alpha I isoform is the same one present in kidney. The four different beta subunit mRNAs are present in much lower amounts than brain, however, their sizes are similar. the alpha 1 isoform, which is the only isoform present in kidney.
In most rat tissues, beta 1 subunit-specific cDNAs hybridize to four distinct mRNA species. The abundance of each particular species varies considerably in different tissues. In kidney, brain, and heart equivalent amounts of alpha and beta mRNA are expressed suggesting that they may be coordinately regulated; however, in other tissues, such as muscle, stomach, and RPE the amount of beta mRNA synthesized is much less than the alpha mRNA detected (63) . These four different beta mRNA species have been found to be identical at the protein level differing only at their 5' or 3' untranslated regions. These differences arise from multiple initiation and polyadenylation sites and there is evidence that these RNAs are transcribed from a single gene (62) .
RPE was found to express similar size beta subunit transcripts as in brain (Fig. 5) although at considerably lower amounts. The low levels of expression of beta subunit mRNA in RPE cells is compatible with the possible expression of alternative beta isoforms, since very recently it was shown that a second isoform (denominated beta 2) exists in some (but not all) tissues with low expression of beta 1 (24, 50) (see Discussion).
These results showed that the opposite localization of RPE and kidney Na,K-ATPase cannot be accounted for by expression of a different alpha isoform.
Reversal of the Ankyrin-Fodrin Submembrane Cytoskeleton in RPE Cells
Since the analysis of the alpha and beta subunits of the Na,KATPase did not reveal any obvious differences at either the protein or the mRNA level, the reversed polarity of this enzyme may reflect a partial or full reversal in the polarity of the RPE cell itself. Since the polarization of Na,K-ATPase has been related to the establishment of a basolateral anky- rin/fodrin cytoskeleton in MDCK cells (33) (34) (35) , we examined the localization of these cytoskeletal proteins in RPE cells. Localization of ankyrin and fodrin by immunofluorescence showed that they were both restricted to the apical surface, like Na,K-ATPase (Fig. 6) . Immunoprecipitation of ankyrin and fodrin revealed bands of 220 and 240 kD, respectively (Fig. 7) , in both MDCK and RPE cells. They were recognized by the same antibody and displayed identical electrophoretic mobilities in both cell types, notwithstanding their different tissue and species origin.
Nelson and Veshnock (35) have described a high affinity interaction between Na,K-ATPase and ankyrin, which is linked to fodrin (the nonerythroid form of spectrin), as shown in the red blood cell (2) . We decided to study whether such a complex also occurs along the apical surface of RPE cells. Monolayers of RPE prelabeled with Trans [asS]label were cross-linked with DSP, immunoprecipitated with ankyrin or fodrin specific antibodies, and the immunoprecipitates analyzed by SDS-PAGE (under reducing conditions, to reverse the cross-linking). Parallel unlabeled samples were analyzed by blotting with an antibody against the alpha subunit of Na,K-ATPase. Cross-linked samples immunoprecipitated with ankyrin antibody contained a major band at 95 kD (Fig. 8 A, left) , which was not present in noncrosslinked samples (Fig. 7) . Immunoblot analysis with Na,KATPase alpha subunit antibody of a parallel sample revealed a single band running at '°95 kD (Fig. 8 B, left) , suggesting that the alpha subunit had been cross-linked to ankyrin. Similar results were observed for fodrin, i.e., a band with the mobility and antigenicity of the alpha subunit was detected after cross-linking. However, the levels of alpha subunit cross-linked to fodrin were much lower, since much longer incubations with substrate were needed for its detection by enzymatic immunoblot (overnight vs. 10 min for ankyrin samples) and by immunoprecipitation (only a faint Figure 8 . Cross-linking between Na,K-ATPase and the ankyrin-fodrin cytoskeleton. Cultured RPE monolayers were labeled overnight with Trans [35S]label, cross-linked with DSP, and immunoprecipitated with ankyrin, fodrin, and an alpha subunit-specific antibody (control). Parallel unlabeled samples were immunoblotted with an alpha subunitspecific antibody and detected by an enzymatic reaction (see Materials and Methods). Immunoprecipitates and samples destined for immunoblot were run on parallel, identical gels. Different shapes of immunoprecipitated and blotted bands may be attributed to the use of a different comb for the latter, to accommodate a larger volume. (A) Metabolically labeled samples. Note bands with the mobility of ankyrin (220 kD), fodrin (240 kD), and alpha subunit (95 kD). (The latter is very faint in the fodrin sample). (B) Immunoblots. Note the specific staining of a band with the mobility of the alpha subunit (95 kD) in the samples immunoprecipitated with fodrin and ankyrin antibodies (B), suggesting the existence of a complex between Na,K-ATPase, ankyrin and fodrin. Note, however, that a much longer incubation with the substrate was required to observe the 95-kD band in the fodrin (overnight incubation) than in the ankyrin ('~10-min incubation) immunoprecipitate. Accordingly, a much stronger 95-kD band was observed in the immunoprecipitate (compare the ankyrin and fodrin A samples).
band was observed at 95 kD). This is consistent with the observation that ankyrin is directly linked to Na,K-ATPase in a molar ratio of 1:1 (35), likely via the alpha subunit (31), whereas no direct interaction exists between fodrin and Na,K-ATPase.
The close proximity between Na,K-ATPase, ankyrin, and fodrin detected by the cross-linking experiments suggests that these proteins form a complex along the apical surface of RPE cells similar to the one detected on the basolateral surface of MDCK cells.
Discussion
The results of this report provide several important observations on the molecular basis of the "reversed polarity" of Na,K-ATPase in RPE. First, we have demonstrated by immunofluorescence that both alpha and beta subunits are expressed on the apical surface of RPE cells, i.e., with a polarity opposite to that seen in kidney cells. (Previous work had only demonstrated Na,K-ATPase "activity" on the apical surface.) Second, at the protein and mRNA levels, the kidney and RPE alpha subunits appear to be identical. In spite of the neural ectodermal origin of RPE, only the alpha 1 subunit (from the three subunits expressed in brain) is detected in this epithelium. Third, low levels of beta transcripts were detected, which opens the possibility that a different beta subunit may be expressed in RPE. Fourth, the reversal of Na,K-ATPase is accompanied by a similar reversal of the ankyrin-fodrin submembrane cytoskeleton, which remains intimately associated with the enzyme in the apical surface.
The observation that both subunits are expressed on the apical surface of RPE is consistent with available knowledge about the biology of the enzyme. Current evidence indicates that alpha and beta subunits are inserted independently into the endoplasmic reticulum, which is where they associate stoichiometrically quickly after glycosylation of the beta subunit (56) . This stoichiometric complex is necessary for functional Na,K-ATPase activity. When beta subunit glycosylation is inhibited by tunicamycin alpha-beta complexes will form, although much less efficiently (14) . Na,KATPase exit from the endoplasmic reticulum and transport to the cell surface are regulated by the beta subunit (15, 25, 55) ; however, the beta subunit may be capable of reaching the plasma membrane without interacting with the alpha subunit (5, 56) . The functional and biogenetic interdependence between both subunits of Na,K-ATPase (not observed in other cation-translocating ATPases) suggests that sorting information to reach the appropriate epithelial surface domain needs only be contained in one of the two subunits.
This tissue specific expression of the alpha subunit isoforms is developmentally regulated, however, the functional significance of this diversity has yet to be determined (53) . Since RPE cells are derived from the neural ectoderm, we considered the possibility that these cells might contain either one of the neural specific isoforms and that this could account for the reversal in polarity of the Na,K-ATPase. As shown in Fig. 6 , comparative Northern blot analysis of rat brain and RPE mRNAs with alpha isoform-specific cDNA probes indicates that RPE cells express the alpha 1 isoform, which is the only isoform present in kidney. These results confirm and extend (in that we searched for three alpha isoforms) results by McGrail et al. (26) , who used alpha-and alpha+-(now called alpha 1 and 2) specific antibodies before the cloned cDNA probes were available to all three known alpha isoforms. Their results suggested that only the alpha subunit (alpha 1 according to current nomenclature) was expressed in RPE. Photoreceptors of the outer layer of the retina, which directly opposes the RPE layer (and derive from the same optic cup primordium), express the alpha 3 isoform (47) . Furthermore, although the three alpha isoforms have been detected in the bilayered ciliary epithelium of the bovine eye, the pigmented epithelial layer of this epithelium, which is directly continuous with the RPE cells (and derives, like RPE, from the outer region of the optic cup), only expresses the alpha 1 isoform, yet the enzyme is distributed along the basolateral surface (16) . Thus, the alpha isoform type does not seem to be involved in determining the apical or basolateral localization of the enzyme in different epithelia.
Our results do not discard a possible role of the beta subunit in determining the localization of Na,K-ATPase. Northern blot analysis of RPE showed that the mRNAs encoding the beta subunit are the same sizes as in brain and kidney, but are expressed at much lower levels. Results reported during the last year have demonstrated that the beta subunit consists of at least two different isoforms, beta 1 and beta 2 (24, 50) . Since the probe available to us was beta 1 and, since several tissues which express low levels of beta 1 (like pineal gland and thymus) have been shown to express beta 2, it is possible that RPE will eventually be found to express an alternative form of beta subunit. Although this alternative subunit may be beta 2, it is perhaps more likely that it will turn out to be a different beta subunit, since many tissues that express low beta 1 levels do not express (or express low levels of) beta 2 (e.g., liver, spleen, mammary gland, or lung). This opens the possibility that an entire family of beta subunits may exist, and that alternative combinations of alpha and beta subunits would result in functional Na,KATPases with different cellular locations.
Two mechanisms that control the distribution of Na,KATPase in epithelial cells have been described. Caplan et al. (6) showed that the alpha subunit is vectorially targeted to the basolateral surface of MDCK cells, suggesting that intracellular sorting into basally targeted vesicles may be responsible for its polarized surface distribution (45, 61) . A complementary mechanism, believed to operate mainly during establishment of the epithelial monolayer, was suggested by Nelson and his collaborators (36) . Na,K-ATPase was shown to bind with high affinity and in a 1:1 ratio to the ankyrin component of an ankyrin-fodrin submembrane cytoskeleton that localizes to the basolateral membrane when the monolayer becomes confluent (31, (33) (34) (35) . L-CAM (uvomorulin, E-cadherin) was also shown to form part of this complex (37) . An important recent observation is that L-CAM appears to induce the polarized distribution of the Na,K-ATPase when expressed in fibroblasts by transfection of its eDNA, suggesting that a similar role may be played in epithelial cells (36) .
We clearly show here that, like Na,K-ATPase, ankyrin and fodrin also display a striking reversal of their surface expression in RPE (as compared with kidney cells and intestinal cells). Amerongen et al.
(1) reported that, in isolated intestinal epithelium, basal (but not lateral) enzyme, ankyrin, and fodrin are endocytosed, whereas the same proteins are more stable on both lateral and apical membranes. It is unlikely that the apical distribution of these proteins we observe in RPE be a consequence of endocytic removal of (putative) basolateral pools of the proteins, since we observe similar distribution in situ of ATPase (antibodies against ankyrin and fodrin did not work in paraffin sections) and we see no traces of lateral staining for these proteins.
With the available evidence, it is not possible to establish whether the apical expression of ankyrin and fodrin is the cause or the consequence of the reversal of Na,K-ATPase distribution. According to Nelson's hypothesis, a decreased expression of L-CAM (or the expression of a molecule with equivalent properties on the apical surface) might lead to reversed apical polarity of the ankyrin-fodrin cytoskeleton and consequent reversal of the Na,K-ATPase. In fact, our own unpublished results (Gundersen, D., and E. RodriguezBoulan, manuscript in preparation) indicate that L-CAM is not expressed in RPE. Grunwald (8) has proposed that a different cadherin is expressed in RPE; perhaps this molecule lacks the ability to induce the formation of the ankyrinfodrin submembrane cytoskeleton.
The specialized function of RPE in phagocytosing dead outer rod segments may require the presence of other unique adhesion molecules on their apical surfaces. Sweadner and co-workers (Sweadner, K., H. Antonicak, and M. Schachner. 1989. Soc. Neuro. Abstr. 15:568) recently reported that the beta 2 subunit exhibits virtual identity with AMOG (glial cell adhesion molecule). Perhaps this beta 2 subunit, or another beta subunit, can have a dual function in providing some type of adhesion on the apical surface between the RPE layer and the rods and cones of the retina, while also directing the Na,K-ATPase, ankyrin, fodrin complex to the apical surface of RPE cells. We are currently exploring whether lack of L-CAM expression or expression of alternative adhesion molecules on either the apical or the basolateral surface are main determinants of the reversed polarity of RPE.
